Abstract: Dielectric metasurfaces are ultra-thin devices that can shape optical wavefronts with extreme control. While an assortment of materials possessing a wide range of dielectric constants have been proposed and implemented, the minimum dielectric contrast required for metasurfaces to achieve high-efficiency performance, for a given device function and feature size constraint, is unclear. In this Article, we examine the impact of dielectric material selection on metasurface efficiency at optical frequencies. As a model system, we design transmissive, single-layer periodic metasurfaces (i.e., metagratings) using topology optimization, and we sweep device thickness and light deflection angle for differing material types. We find that for modest deflection angles below 40 degrees, materials with relatively low dielectric constants near 4 can be used to produce metagratings with efficiencies over 80%. However, ultra-high-efficiency devices designed for large deflection angles and multiple functions require materials with high dielectric constants comparable to silicon. We also identify, for all materials, a minimum device thickness required for optimal metagrating performance that scales inversely with dielectric constant. Our work presents materials selection guidelines for high-performance metasurfaces operating at visible and infrared wavelengths. 
Introduction
Metasurfaces [1] support amplitude and phase responses that can be tailored in novel and unprecedented ways. They have been used to realize a broad range of transmissive and reflective optical devices, from lenses [2] [3] [4] [5] and holograms [6] [7] [8] to blazed gratings [3, [9] [10] [11] and beam splitters [11] [12] [13] , and can operate at wavelengths spanning the ultraviolet to radio frequencies. Initial metasurface concepts utilized metallic subwavelength-scale structures and targeted mid-infrared operation [1] . These concepts have served as model systems for wavefront engineering, but have been difficult to extend to high-efficiency devices operating at visible and near-infrared wavelengths due to absorption losses intrinsic to metal. Complementary efforts have since been made to realize metasurfaces using dielectric materials [2] [3] [4] 10, 11] , which can have low or negligible absorption losses depending on the material and operating wavelength. Dielectric devices have the potential to support highefficiency operation within the visible regime.
To date, a wide range of dielectric materials have been studied and implemented in metasurfaces. Silicon is amongst the most commonly used materials due to its large dielectric constant and maturity of nanostructuring, and it has been implemented in metasurface design concepts based on Mie resonances [3] and transmit arrays [4] . The operating wavelength range strongly depends on the crystallinity of silicon [10, 14] : amorphous and polycrystalline silicon devices can efficiently operate in the infrared and near-infrared wavelength ranges, while single-crystal silicon devices can efficiently function at visible wavelengths due to its relatively low absorption losses. III-V semiconductors with dielectric constants comparable to that of silicon, such as InAs and GaAs, can also serve in high-efficiency mid-infrared and near-infrared metasurfaces [15] [16] [17] . For devices operating in the visible spectrum and parts of the ultraviolet spectrum, titanium dioxide [2] and gallium nitride [18] are suitable due to their transparency at those wavelengths, but they have smaller dielectric constants than silicon.
There have also been demonstrations of metasurfaces using even lower dielectric constant materials, such as silicon nitride [19, 20] .
It is generally believed that metasurfaces require sufficiently large dielectric contrast relative to their background environment to enable the confinement and manipulation of light within nanoscale structures. However, a systematic and quantitative evaluation of material selection is currently lacking, and it is not clear what the minimum required dielectric contrast is for achieving high-efficiency metasurfaces. This criterion is important for understanding the capabilities and limitations of metasurface devices, and it is particularly critical when designing high-performance devices that can bend light to very large angles (e.g., for building high numerical aperture lenses or for wide-angle displays), operate for multiple wavelengths, or both [11, 13] . It is also relevant for metasurfaces operating in the visible and ultraviolet spectrum, where available transparent materials have limited dielectric constant values.
In this Article, we perform a systematic study of metasurfaces made from a wide range of building materials to identify the relationship between material dielectric constant and device performance at optical frequencies. As a model system, we study periodic transmissive metasurfaces (i.e., metagratings) that deflect a normally-incident planewave to particular diffraction orders. For the first part of this study, we analyze devices operating in the nearinfrared spectral regime (λ 0 = 1800nm) that consist of the following transparent dielectric materials: Ge (n = 4), Si (n = 3.4), TiO 2 (n = 2.4), SiN (n = 2.0), Al 2 O 3 (n = 1.7), and SiO 2 (n = 1.44). We will examine two classes of metagratings that transmit light to the + 1 diffraction order: two-dimensional devices ( Fig. 1(a) ), which consist of an array of rectangular nanoridges, and three-dimensional devices ( Fig. 1(b) ), which consist of fully freeform, curvilinear nanostructures. For the second part of this study, we extend our numerical experiments to the visible spectrum and focus on metagrating deflectors and wavelength splitters based on of crystalline silicon (c-Si) and TiO 2 . All metagratings in this paper are on a SiO 2 substrate. 3D designs (periodic along x and y axes). For the 3D designs, the y-period is subwavelengthscale, so that diffraction only occurs in x-z plane. In this report, all the metagratings are illuminated by a plane wave at normal incidence. The metagratings are binary structures made of air and the dielectric material, and they are on a SiO 2 substrate.
To design these metagratings, we use topology optimization [11, 13, 21, 22] , which is an iterative inverse design tool. In this method, an initial device geometry consisting of a random continuum of dielectric constant values is iteratively modified until it converges to a final device consisting of discrete dielectric constant values. In previous work, we showed that single-layer metagratings based on topology optimization support significantly higher efficiencies at large deflection angles, compared to conventional metagratings based on stitched nanoresonators and nanowaveguides [11, 13] . We have also extended the use of this design tool to metasurfaces consisting of multiple vertical layers of Si-SiO 2 nanostructures, which serve as ultra-high efficiency spectral filters, angular-selective filters, and ultra-wide angle deflectors (>85 degrees) [23] . In this study, we use topology optimization because it does not incorporate any assumptions about the geometric layout or physical operating mechanisms of our devices [24, 25] . Such assumptions, which are made with conventional metasurface designs, restrict the design phase space and make it difficult to objectively compare devices made from different building materials. Rather, with topology optimization, optimal physical operating mechanisms for a given material are readily identified and incorporated into the device designs.
Two-dimensional metagratings operating in the near-infrared spectrum
In the first part of this study, we perform a systematic analysis of two-dimensional metagratings, consisting of differing material types, which are designed to preferentially deflect normally-incident TE-polarized light to the + 1 diffraction order. Two-dimensional grating devices are good model systems because they possess a relatively small design phase space, which allows nearly-or fully-optimal metagratings to be identified through brute force simulations. In addition, electromagnetic simulations can be performed quickly and accurately on periodic grating systems using rigorous coupled wave analysis (RCWA) [26] , which enables a very large number of topology optimization runs to be performed within reasonable time scales. The efficiencies of optimized metagratings as a function of device thickness, deflection angle, and material type are displayed in Fig. 2(a) . To ensure that the devices are compatible with standard fabrication methods, we enforce a minimum feature size within the optimization process to both the ridge width and air gap width. We define this feature size to be 50nm for devices thinner than 1000nm and 1/20th the device thickness for devices thicker than 1000nm. This choice in feature size represents a length scale currently accessible and available in state-of-the-art nanofabrication instrumentation [2] .
For each data point in Fig. 2 (a), we optimize 200 different devices for a range of device thicknesses and deflection angles ( + 1 diffraction order), each utilizing a different random initial geometry, and select the device with the best efficiency for the plot. Because the efficiencies of topology-optimized devices are sensitive to their initial geometry, only a subset of initial geometries produce final devices with high efficiencies [25] . The deflection efficiency is defined as η = P def /P inc × 100%, where P def and P inc denote the optical power in the deflected beam (representing the desired diffraction order) and incident beam, respectively. Furthermore, to assess whether 200 optimization runs are sufficient for identifying near-optimal devices, we optimize 1000 devices using random initial geometries for two particular metagrating types. The final device efficiency histograms are plotted in Fig.  2 (b) and display a narrow distribution of values. We find that more than 40% of the devices have efficiencies that are within 5% of the highest calculated values, for a given device type. Furthermore, a relatively large fraction of random initial geometries converge to the same device with the highest calculated efficiency. Based on these statistics, we anticipate that 200 initial geometries are sufficient for identifying two-dimensional metagratings with nearoptimal layouts.
For modest deflection angles, below 40 degrees, materials with a dielectric constant ε larger than 4 support designs with efficiencies higher than 80% ( Fig. 2(a) ). For SiN (ε = 4.0), these high-efficiency devices require relatively large thicknesses, above 1500nm, which is near the free-space wavelength λ 0 . The required device thickness for high-efficiency TiO 2 metagratings reduces to 900nm (~0.5λ 0 ), and it is further reduced to about 500nm (~0.22λ 0 ) for Si devices. Germanium devices exhibit high efficiencies for thicknesses as thin as 300nm, which represents only 1/6th the free space wavelength. These reductions in minimum device thickness are due in part to the physical reduction of wavelength in dielectric materials, which scales inversely with the refractive index. However, these observed reductions cannot be fully explained by such wave propagation effects, as we empirically find that minimum device thickness scales inversely with the square of refractive index (i.e., dielectric constant), which is a more extreme scaling behavior. We speculate this scaling trend relates to the capability of high dielectric constant metagratings to support multiple scattering, which will be discussed below.
We observe and note that TiO 2 devices designed for 30 and 50 degree deflection angles operate with high efficiencies for thicknesses around 500nm. Similar "hot spots" in our contour plots in Fig. 2(a) can also be observed with germanium and silicon. These hot spots appear specific to unique dielectric constant and deflection angle combinations, and their origins will be the topic of future study. For large-angle beam deflection, above 60 degrees, only Si and Ge devices are capable of operating with efficiencies over 80%. TiO 2 and SiN have insufficient dielectric contrast to support high deflection efficiencies. To understand why large dielectric contrast is helpful for these devices, we select 65-degree metagratings made from Si, TiO 2 , and SiN as model systems for study, and we perform a coupled Bloch mode analysis for each device. This analysis has been previously applied to model high-contrast dielectric mirrors [27] and plasmonic metamaterials [28] , and it provides insight into the microscopic light scattering processes inside periodic nanostructures. Our group recently applied this analysis to metagratings [24] , where we showed that an electromagnetic plane wave incident onto a metagrating couples to a set of propagating Bloch modes that bounce between the bottom (metagrating-substrate) and top (metagrating-air) interfaces (see Fig. 3 ). Upon interacting with an interface, these modes can either back-reflect (i.e., undergo intra-mode coupling, solid colored lines in Fig. 3 ), scatter into other Bloch modes (i.e., undergo inter-mode coupling, dashed colored lines in Fig. 3 ), or scatter into free space (red arrows that exit the metagrating in Fig. 3 ). These modes are orthogonal, and they only interact with each other when they scatter at the top and bottom metagrating interfaces [27] . For our study, we select the device thicknesses for Si, TiO 2 , and SiN to be 1000nm, 1300nm, and 1500nm, respectively, which yield the best calculated efficiencies (92.2%, 76.4% and 67.1%, respectively) for the given deflection angle and material. The side view layouts of a single unit cell of each metagrating are shown in Fig. 4(a) . Interestingly, the layouts of each of these devices are qualitatively similar, which suggest that these threenanoridge configurations are optimally suited for 65-degree beam deflection. These similarities allow for a more direct and fair comparison of the physical operating principles of these metagratings as a function of device material. Each metagrating supports three propagating Bloch modes, which are plotted in Fig. 4(b) , and the modes for differing material types display similar spatial profiles. The effective indices of the Bloch modes increase as the material indices increase. To quantify the Bloch mode dynamics in each device, we calculate the modal scattering coefficients at the top (|S T | 2 ) and bottom (|S B | 2 ) metagrating interfaces, the modal coupling strength between the incident plane wave and Bloch modes (|t B | 2 ), and the modal coupling strength between the Bloch modes and the transmission + 1 diffraction channel (|t T | 2 ). The diagonal and off-diagonal terms in |S T | 2 and |S B | 2 quantify intra-mode and inter-mode coupling at the metagrating interfaces, respectively. According to Ref [24] , the deflection efficiency can be accurately computed as T = |t| 2 , where T is the transmission efficiency to the desired diffraction channel and:
For N total propagating modes, φ is an N × N diagonal matrix, and the diagonal terms φ ss represent the phase accumulated by the sth propagating mode after a single pass through the These parameters are plotted in Fig. 5 for each device, together with schematics illustrating their physical interpretations. We find that the SiN and TiO 2 metagratings exhibit relatively weak inter-mode coupling and negligible intra-mode coupling, as indicative by the small values of their diagonal and off-diagonal |S T | 2 and |S B | 2 terms, respectively. The siliconbased device, on the other hand, supports strong inter-mode and intra-mode coupling. Here, coupling is due to the relatively large effective indices of the modes in the device, together with the relatively tight spatial confinement of the modes within the dielectric ridges. Interestingly, the |t B | 2 and |t T | 2 terms of the different metagratings are comparable. The origin of high-efficiency beam deflection in the large-angle silicon metagrating can be traced to multiple-scattering phenomena. If we neglect the multiple-scattering terms in Eq.
(1), our calculated efficiency values, using the scattering parameters from Fig. 5 , are 51.5% (Si), 64.6% (TiO 2 ), and 62.6% (SiN). If we include these multiple-scattering terms, the deflection efficiencies of the three metagratings become 91.1% (Si), 76.3% (TiO 2 ), and 67.1% (SiN), which agree with the deflection efficiency values (92.2%, 76.4% and 67.1%, respectively) obtained by fully-vectorial calculations. We can clearly see that multiplescattering substantially improves diffraction efficiency in the Si-based metagratings, but provides only modest improvements to the diffraction efficiencies of the TiO 2 and SiN metagratings. We note that these strong multiple-scattering phenomena have also been observed in three-dimensional silicon metagratings and account for the high-efficiency beam steering properties supported by these devices [24] .
Near infrared three-dimensional metagratings
In this section, we extend our metagrating analysis to curvilinear, three-dimensional shapes ( Fig. 1(b) ), where we focus on metagratings that deflect light to 70 degrees under the illumination of normally-incident unpolarized light. We focus on diffraction in the x-z plane and eliminate diffraction in the y-z plane by setting the metagrating period along y-axis to be 0.5λ 0 (λ 0 = 1.8µm). To ensure that these devices support realistic fabrication tolerances, we enforce a minimum feature size within the optimization process to the dimensions of both the solid and void areas. We define this feature size to be 50nm for devices thinner than 1000nm and 1/20th the device thickness for devices thicker than 1000nm. Figure 6(a) shows the deflection efficiencies of metagratings with thicknesses ranging from ~0.05λ 0 to λ 0 , for the six materials. For each material type and device thickness, we use 15 different random initial geometries in our optimizer and select the device with the highest efficiency in our plot. In Fig. 6(b) , the layouts of the devices supporting the highest calculated deflection efficiencies are displayed.
For all materials except germanium, we find that as the device thickness increases, the deflection efficiency increases and then saturates at a certain "threshold thickness". We define the threshold thickness as the minimum device thickness at which the device efficiency saturates. For silicon, the deflection efficiency reaches 90% at a threshold thickness of 500nm (~0.3λ 0 ) and is over 90% for device thicknesses between 500nm and 1800nm (~λ 0 ). For TiO 2 metagratings, the maximum calculated deflection efficiency is only 70%, and the highest efficiencies of metagratings made of SiN, Al 2 O 3 , and SiO 2 are only 60%, 40% and 20%, respectively. These relationships between maximum optimized device efficiency, threshold thickness, and material refractive index are summarized in Fig. 6(c) , and they indicate the following. First, materials possessing indices of refraction lower than silicon may not be suitable for high efficiency (>90%), single-layer metasurfaces requiring large-angle operation, such as non-immersion lenses with an NA of 0.95 (an NA of 0.95 corresponds to a maximum collection angle of 70 degrees). Second, germanium-based devices do not exhibit efficiency advantages over silicon-based devices, in spite of their enhanced refractive indices. Third, the threshold thickness scales inversely with the square of index of refraction, as oppose to inversely with index of refraction, which is consistent with our analysis of twodimensional metagratings.
For germanium devices, the deflection efficiency rapidly increases to 90% at a metagrating thickness of only 200nm (~0.1λ 0 ), but drops below 90% for thicknesses over 1300nm (~0.7λ 0 ). Such a drop in efficiency seems counterintuitive, given that our simulation results generally show that high efficiency operation is accompanied with high refractive index. We attribute this drop in efficiency to our enforcement of a minimum feature size constraint, which prevents our designs from supporting ultra-fine spatial features. Such fine features in thick, high-index devices are generally required to fully control the effective refractive index of propagating modes within waveguide-based metasurfaces. This requirement has been observed in conventional phase-array-based meta-devices that utilize nanowaveguides [2, 5, 9] , and it evidently applies to our topology-optimized devices. To gauge whether 15 simulations are sufficient to properly evaluate each device type, we perform 200 simulations of Si and TiO 2 70-degree deflectors with a thickness of 1200nm, using random starting points. Histograms of these distributions are plotted in Fig. 6(d) and indicate that more than 50% of the devices have efficiencies that are within 5% of the best calculated values (i.e., 95% for Si-metagratings and 70% for TiO 2 -metagratings). This indicates that 15 simulations are sufficient for identifying near-optimal devices.
Three-dimensional metagratings at visible frequencies
We extend our analysis to visible frequency metagratings in this section and focus on two high-index materials, crystalline silicon (c-Si) and TiO 2 . Recently, we demonstrated that at wavelengths above 550nm, c-Si is a highly transparent material with an imaginary part of the refractive index smaller than 0.001, making it an ideal high-contrast material for metasurfaces operating at green and red wavelengths [10, 14] . c-Si can also be used to construct blue-light metasurfaces with modest efficiencies (~60% for λ 0 = 488nm). TiO 2 is transparent at wavelengths above 400nm and has been used as a building block material for metalenses spanning the full visible spectrum [2] . Figure 7 shows the deflection efficiencies of metagrating deflectors based on c-Si and TiO 2 , for operating wavelengths of 550nm and 650nm. These devices deflect normallyincident unpolarized light to 70 degrees ( + 1 order), and they possess a minimum feature size of 50nm. Within the range of device thicknesses under consideration, the deflection efficiencies of TiO 2 -based devices saturate at around 70% for devices 0.7λ 0 -thick. These results are consistent with those of the near-infrared TiO 2 devices in the previous section, and this consistency can be attributed to the weak refractive index variation of TiO 2 from visible to near-infrared frequencies. For c-Si deflectors at λ 0 = 650nm, the deflection efficiency reaches 90% at a thickness of 200nm, but then drops slowly to nearly 80% when the thickness is 600nm. A similar trend is observed for c-Si deflectors at λ 0 = 550nm. These efficiency trends are very similar to that of the germanium metagratings at λ 0 = 1800nm from the previous section, and they follow from the fact that the refractive index of c-Si (n = 4.016 + 0.001i) at λ 0 = 550nm is nearly the same as that of germanium at λ 0 = 1800nm (n = 4). Finally, we analyze devices that deflect two different wavelengths (λ 1 = 633nm and λ 2 = 750nm) to two different diffraction orders to gauge the role of materials selection in multifunctional metagratings. High-performance multi-wavelength devices require not only optimized mode scattering dynamics at each wavelength, but also optimized dispersion characteristics for each mode [25] . The x-period of the metagratings is 800nm, such that the incident TE-polarized light with wavelengths 633nm and 750nm are directed to + 52 degree ( + 1 diffraction order) and −70 degree (−1 diffraction order) angles, respectively. With a parameter sweep of the device thickness similar to those in Figs. 6(a) and 7(a), we find that the best c-Si and TiO 2 devices have a deflection efficiency of 77.3% and 61.6% (averaged over both wavelengths), respectively, with thicknesses of 200nm and 600nm. Figure 8 displays the deflection efficiencies and layouts of these c-Si and TiO 2 devices. This demonstration indicates that high material index contrast enables the effective tailoring of optimal mode dynamics and mode dispersion characteristics in multi-wavelength devices. We anticipate that these findings will apply to devices supporting even more functions and wavelengths of operation [13] . The spacing (white color) between the dielectric ridges is filled by air. We define the efficiency as the deflected power, normalized to the incident power. The splitters are designed to direct λ 1 = 750nm and λ 2 = 633nm into −1 and + 1 diffraction orders, respectively. The metagrating periods along the x-and y-axis are 800nm and 300nm, respectively. Scale bars: 100nm.
Conclusion
In this study, we have evaluated low-loss dielectric materials, spanning a wide range of indices of refraction, as candidate materials for metasurfaces operating at near-infrared and visible frequencies. As a model system, we design transmissive single-layer metagratings based on a topology optimization approach. We generally find that high-index materials facilitate the creation of high-efficiency devices, and we identify a minimum film thickness required for optimal metagrating performance that scales inversely with dielectric constant. A Bloch-mode analysis reveals that metagratings based on high-index materials are driven by complicated light scattering dynamics inside the device, which is distinctly different from metagratings based on low-index materials. We note, however, that the imposition of a minimal feature size in the designs, which are enforced due to experimental nanofabrication limitations, place limits on the performance of ultra-high index materials such as germanium. This work presents useful guidelines for selecting suitable materials for high-performance metasurfaces operating at visible and infrared wavelengths.
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